Abstract: When laser-etching channels through solid targets, the etch-rate is known to decrease with increasing depth, partly because of absorption at the sides of the channel. For ultrafast-laser pulses at repetition rates >100MHz, we show that the etch-rate is also affected by optical properties of the beam: the channel acts as a waveguide, and so the pulses will decompose into dispersive normal modes. Additionally, plasma on the inner surface of the channel will cause scattering of the beam. These effects will cause a loss of spatial coherence in the pulse, which will affect the propagated intensity distribution and ultimately the etch-rate. We have characterized this effect for various foil thicknesses to determine the evolution of the beam while drilling through metal. 95-98 (1999). 19. S. R. Franklin and R. K. Thareja, "Simplified model to account for dependence of ablation parameters on temperature and phase of the ablated material," Appl. Surf. Sci. 222, 293-306 (2004).
Introduction
From the time the laser became a "solution in search of a problem", one of the earliest problems for it to address well is to drill holes in materials where mechanical methods were not well suited. Lasers have proved very effective for etching tiny channels, especially those with high aspect-ratios, and ultrashort (i.e., subpicosecond) pulses -with their qualitatively different heat-deposition effects and stable etch-threshold behaviour -have recently been shown to offer striking improvements for certain materials [1, 2, 3] .
Ultrashort-pulse lasers allow precise machining of a variety of materials including transparent dielectrics, metals, and organic tissues. These have multiple applications in materials microstructuring, nanotechnology and medicine [4] ; they can provide enabling technologies, for example microscopic vias in lithographic circuitry [5] . Where conventional drilling becomes expensive, such as for high-aspect-ratio holes where drill-bits frequently break, ultrashort-pulse laser-drilling can improve manufacturing yield and performance parameters. Beyond manufacturing, ultrashort-pulse lasers have been found to be useful for processing hard [6] and soft [7] biological tissue. In particular, ultrashort-pulse lasers allow clean incisions with minimized collateral thermal impact -an especially important issue in laser eye-surgery [8] .
Previous studies have investigated how various characteristics of the beam (such as pulse duration, number of pulses, intensity, etc.) affect the nature of the channel being etched (e.g., depth and diameter) [9, 10, 11, 12, 13] . Pulsetrain-burst processing, which uses a short series of ultrashort pulses at a repetition rate of 1 MHz or greater, has been shown to greatly reduce shock damage and cracking in glass and brittle materials, and to produce a cleaner, smoother surface [14, 15, 16] , but relatively little is known of the impact of this high-repetition-rate approach for laser channel-etching.
In general, the per-pulse etch-rate drops nearly exponentially with depth (Fig. 1) ; Breitling et. al have characterized this at modest repetition-rates for metal targets [17] . This significantly limits the laser-cut depth of high-aspect-ratio holes -a better understanding of this reduction could guide us to a way to eliminate the problem or mitigate it. The slight taper typical of laseretched channels can produce back-reflection, but the main causes for decreased etch rates have been assumed to be related to absorption of the light at the channel sidewalls. The process of absorption is quite complicated: the effects of varying pulse duration, fluence, angle of incidence, polarization, prepulse, and material temperature have been studied through theoretical modeling [18, 19] ; the influence of the pulse length, fluence, hole depth, and ambient pressure on etch parameters have been characterized experimentally as well [20, 21] .
Although there has been extensive research on how the etched channel depends on various laser parameters, there has been relatively little direct investigation into how the laser pulse may be optically altered by the boundary conditions imposed by the channel. In particular, little is known about how the optical-phase properties of the laser pulses may change while propagating, and how this might contribute optically to the reduction of the etch-rate. Loss of temporal or spatial coherence, and group-velocity dispersion, could each contribute to a decreased etch-rate. Fig. 1 . Observed etch rate, per pulse, differentially localized to different depths in aluminum foil, for 133MHz pulsetrains of 1ps pulses as described in experimental setup.
A channel, as it is being drilled, may be approximated as a cylindrical waveguide. In our experiments with repetition rates of 133MHz, waveguiding is demonstrated clearly, in that the image of the beam at the exit of the channel being drilled is quite different from the image of a freely-propagated beam at the same plane (Fig. 2) . The Gaussian beam propagated through the cylindrical channel will analyze over the normal modes (Bessel functions), which are dispersive. This dispersion will change optical-phase relationships: the pulse will stretch, and the intensity pattern may develop intermediate-field interference structures. Channel asymmetries, surface roughness and plasma formed on the inner surface of the channel may further complicate the boundary conditions. Of particular interest to us, refraction and scattering, includ-ing phase shifts associated with plasma coupling, may degrade the spatial coherence of the etching-pulse. This would in turn lead to redistribution of energy between near-field modes during waveguiding, and a change in the far-field (free-space) divergence of the beam, after penetration through the etched foil. We show that the effects of dispersion and scattering may be studied optically from measurements of the spatial coherence of the pulses after travelling through the channel. For this study, we drilled channels through various thicknesses of aluminium foil, using pulsetrain-bursts of ultrashort laser pulses. Immediately after penetration, the transverse coherence and the beam profile were measured at the exit of the channel, together with incident and transmitted powers. These measurements and subsequent analysis were then used to understand how propagation changes the beam characteristics, and the resultant magnitude of this effect on the etch-rate reduction problem.
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Experimental setup
We used a flashlamp-pumped Nd:glass system (λ = 1054 nm), purpose-built at the University of Toronto [22] . This laser system was originally designed for single-pulse high-field experiments, selecting and amplifying a single 1-10ps pulse, but its oscillator allows for pulsetrain-bursts (0.5 − 20 μs) at 133MHz repetition rate. This feature was used in this experiment, where we select a burst of pulses from the oscillator train for amplification and target interaction.
For this study, the near-circularly polarized beam was focussed to a spot size of 4 μm (FWHM) onto the front surface of aluminum foils using a 13.8mm-focal-length aspherical lens. The focus was regularly monitored by autocollimating the retroreflected beam, from which an equivalent-target-plane (ETP) image was recorded for each shot (Fig. 3 ). Each shot (or pulsetrain) was focussed onto the front surface of the foil, and the focus was not moved over the course of the pulsetrain. Temporal profiles and total energies of the pulsetrains were measured for incident and transmitted beams. A near-field image corresponding to the back surface of the target was captured to measure the beam size exiting the channel. A far-field image (25 mm after the target) was also recorded for future analysis involving after-target beamspread.
The length of the pulsetrain-burst, selected using a Pockels cell N-pulse slicer, was set such that only 0.5 − 1.5 μs of pulsetrain passes through the dynamic channel after foil-penetration. This enabled us to optically characterize the pulses under the conditions of a channel during drilling, including effects of plasma, by analyzing only those pulses transmitted immediately after the target has been fully penetrated. This was done for different foil thicknesses from 25-150 μm. The energy incident on the target was adjustable up to ∼ 10 μJ/pulse, giving a total train energy of up to 12 mJ in a 10μs burst. The incident intensity was chosen to be 120% of the minimum value necessary for any length of pulsetrain to penetrate a given foil-thickness. Below this minimum, the intensity delivered at the end of the deep channel would drop below etch-threshold, and a complete channel would not form. In the typical case of 100 μm foil, the burst length was set to 7 μs (about 900 pulses), and the energy set to ∼ 0.9 μJ/pulse, giving a total train energy of ∼ 800 μJ, or total fluence of ∼ 6 kJ/cm 2 with a peak intensity of ∼ 6 × 10 12 W/cm 2 . To measure the spatial coherence, Young's double-slit method was found to be unsuitable. To characterize the spatial coherence from a series of individual transverse separations would require many shots with many different slit separations. Instead, a folded-interferometer-based scheme was used to measure the transverse coherence in a single shot [23] . This involved interfering one instance of the near-field image with a copy which had been flipped left-toright. The resulting interference pattern was recorded, as well as images of each component separately. From these, it was possible to measure the degree of spatial coherence as a function of transverse separation for all vertical positions of the beam, for each individual shot (Fig. 4) .
Coherence analysis
From a map of the degree of spatial coherence as a function of horizontal separation and vertical position, it is convenient to consider only the vertical position corresponding to the middle height of the beam. This gives the degree of spatial coherence as a function of transverse separation over the brightest part of the beam [23] . Several of these have been plotted together in Fig. 5 . This comparison shows that the interferometer-based scheme is in agreement with measurements made using Young's double-slit approach. It also directly shows that the process of drilling reduces the spatial coherence compared to free-space propagation.
To determine the transverse coherence of the transmitted light, the width (FWHM) of each degree-of-coherence curve was obtained. However, the width of the exit-beam itself varied by as much as 20% from shot to shot depending on the thickness of the foil. Therefore, the ratio of the spatial coherence length to the measured spot size was used for further analysis as described below. This was determined for each shot through various foil thicknesses (Fig. 6) . These results show that this degree of global coherence drops as the pulses drill deeper into the foil.
In most cases, the near-field image (back surface of the foil) was approximately Gaussian, but showed an Airy-like ring (Fig. 2) . The intensity of this secondary maximum varied from 10-20% of the peak intensity, and was ignored in all measurements. 
Gaussian Schell-model
Standard Gaussian beam propagation theory applies only to completely spatially coherent sources, and is therefore not sufficient to describe a beam of limited degree of transverse coherence. A well-established theoretical model of sources with reduced spatial coherence is the Schell-model, which describes sources characterized by the property that the spatial correlation function of two points in a transverse plane depends only on their separation. This model has been extended to sources whose intensity distribution is Gaussian, and degree of coherence as a function of spatial separation is also Gaussian. This is referred to as a Gaussian Schell-model source [24] . The use of the Gaussian Schell-model to interpret our experimental findings is justified since our near-field images as well as the transverse coherence profiles are both approximately Gaussian distributions (Fig. 5) . To arrive at a measure of the global coherence of a beam, we have to look at the interplay between the beam size and coherence length of the beam.
The radius of a beam generated by a Gaussian Schell-model source propagates as:
The notation used is the same as that used by Mandel and Wolf [24] ; the beam radius ρ s (z) at the propagated distance z is defined as the value at 1/e of maximum intensity. The wavenumber k is defined as usual. For the coherence width, ρ μ (z), a similar expansion holds. The positive parameters σ g and σ s denote the state of coherence and the intensity distribution respectively, which are both suitably normalized:
The ratio of the coherence width to the beam radius in a given transverse cross section defines the desired degree of global coherence, q.
This is invariant as the beam propagates. We note that in the spatially coherent limit (σ g → ∞), Eq. (1) reduces to the familiar Gaussian-beam propagation formula; as the spatial coherence decreases, the divergence of the beam increases.
Applying the Gaussian Schell-model
In free space, loss of transverse coherence translates into faster spreading of the spot-size with distance, relative to an idealized Gaussian model. In a laser-etched channel, with plasma at the irregular channel-walls, the pulses are waveguided by the boundary conditions at the plasma 'cladding', where the index of refraction is less than unity. Degradation of the transverse coherence in the near-field, concomitant with increased far-field divergence angle, can be expected to lead to coupling into leaky modes from which more energy will couple optically into the plasma, and from there by thermal conduction to the channel walls. This will reduce the optical intensity and etch-rate at the end of the channel, and aggravate the problem of etch-depth saturation in these channels.
The analogy with launch into a single-mode optical fiber is useful: a gaussian beam incident with the correct numerical aperture, or f-number, will couple energy into a trapped propagating mode, while a larger angle will couple energy to leaky modes which attenuate with distance. At the end of a long single-mode fiber, only light in the trapped mode will remain, which will output into a far-field angle corresponding to the acceptance angle of the propagating mode. Suppose now that a pulse of the proper acceptance angle is launched into the fiber, and trapped, but that phase-scattering during propagation degrades the transverse coherence of the pulse. The amplitude distribution of the near-field may be unaffected for the moment, but due to changes in the phase-distribution it will analyze differently over modes of the fiber. In free space, the waveform would propagate in the geometrical limit to a divergence angle larger than the fiber's acceptance angle; within the waveguide, it will partition energy to leaky modes which will attenuate, eventually reducing the on-axis intensity and effectively spatial-filtering the perturbed distribution.
The acceptance angle picture may similarly be applied to the pulses propagating in a laseretched channel; roughly speaking, the profile and density of plasma at the channel walls determine a trapping condition for propagated light. Phase changes from surface irregularities and absorption in the plasma continually degrade the transverse coherence during propagation, and the perturbed distribution couples to leaky modes and is dissipated at the sidewalls at an enhanced rate.
The Gaussian Schell-model propagation formulae permit us to project our measured degradation of transverse coherence, taken from a series of near-field distributions at progressive etch-depths, into the equivalent free-propagation far-field divergence. This gives a metric of the propagating beam, which when compared to an effective 'acceptance angle' parameter would characterize the degree of trapping.
Direct calculation of trapping in the waveguide is complicated, since the plasma index-ofrefraction is complex-valued due to collisions, and since the thickness and profile of the plasma layer are virtually unaccessible, experimentally. The output far-field divergence does not characterize the trapping condition, since degradation of spatial coherence is continuous, and it is unlikely that leaky modes attenuate fully over our relatively short distances. Numerical simulation will be useful, qualitatively, but may not predict conditions with sufficient definiteness to add quantitative information.
Absent a definitive effective acceptance angle, and for our propagation over just a few Rayleigh ranges, we have simply estimated propagation losses by using the Gaussian Schellmodel, and our measured degrees of global coherence, to project an effective perturbed modesize onto a characteristic exit aperture for the channel. The same calculation for pure Gaussian propagation permits a comparison that makes clear the impact of degraded spatial coherence.
For the Gaussian Schell-model, the redistributed laser energy remaining within an exit-disk of radius a was calculated. When this energy is normalized to the total energy, this gives a transmission T which depends on the thickness of the foil z:
The pure-Gaussian case can be recovered by the assumption of perfect spatial coherence, i.e., q → ∞.
This propagated transmission can also be inferred empirically by measuring the energy of pulses transmitted through the foils, immediately after the foils are pierced. We compare the empirical and expected intensities by comparing the energy-transmission efficiency for different foil-thicknesses.
For our calculations, the size of the beam at the entrance of the channel was measured directly (using no target), and the degree of global coherence was then measured for the transmitted light on each shot through foils of different thicknesses. Gaussian Schell-model propagation formulae were used to calculate the intensity distribution of an equivalent freely-propagating beam (i.e., having this measured beam-waist and degree of global coherence) at a distance from the beam-waist corresponding to the thickness of the foil. The size of our effective exit-aperture was approximated as 4× the FWHM spot size. This size is approximately equal to the diameter of the beam obtained from the outer radius of the near-field Airy-like ring (Fig. 2) . The impact of degraded transverse coherence during channel-etching shows directly, in the comparison of the experimentally measured transmission to that expected as above by Gaussian and by Gaussian Schell-model propagation (Fig. 7) , for foils of increasing thickness. According to both the Gaussian and Gaussian Schell-models, the transmission through 25μm foil is over 0.99, so this may be treated as an essentially thin foil. The measured transmission however, is only 0.18, indicating that approximately 80% of the energy is lost due to back-scattering and coupling efficiency regardless of channel depth. To compare only propagation effects in Fig. 7 , transmission is normalized to the zero-thickness value.
There is a significant dependence on the assumed value of the effective exit-aperture, but in all cases the inclusion of the observed degradation of transverse coherence more closely describes the experimental observation. The systematic loss of transverse coherence clearly makes an important and systematic contribution to the decay of etch-rate in these channels, and contributes to the ultimate depth a given set of laser parameters can produce.
Discussion
The physical picture we use here to describe the impact of degraded spatial coherence is qualitatively useful, but a host of physical subtleties will complicate a more quantitative description. In terms of waveguiding, it has been observed that when laser-drilling a channel, the channel usually gradually tapers with depth; the description of propagating and trapping modes is complicated by such geometries, unless the taper is slight and changes are essentially adiabatic. In our case, with plasma always present in the channel, it's unclear whether this effect contributes significantly during etching.
Large-scale boundary condition roughness would also complicate the waveguide description of laser-etched channels. Significant structures, especially immediately after the channel has been formed, have been observed [25, 26, 27] , and could tend to scatter the pulses as they propagate down the channel. Plasma within the channel during etching may greatly reduce the impact of surface roughness; the self-consistent plasma profile may indeed assist waveguiding.
Most significantly, in calculating the intensity available for etching, after waveguide losses due to decreased spatial coherence, different leaky modes will dissipate at different rates dI/dz along the channel; the distinction of trapped modes and the definition of acceptance angle is not sharp, for the length-scales we consider. For this reason especially, though we show clearly an impact of degraded spatial coherence on etch-rate saturation, real quantification will require numerical simulation of the density and profile of plasma within the channel, and self-consistent calculation of the propagation of the etching laser pulses.
Conclusions
It is generally considered that absorption is the principal cause of reduced etch-rate in machining with ultrafast lasers. However, we have shown that purely optical propagation-effects need to be considered as well, especially when etching deep holes: for a pulse propagating down a long channel being etched, the waveguide structure and residual plasma impose significant changes on the internal phase relations of the pulses, and for deep channels optical effects could end up dominating the reduction of the intensity available for drilling.
We have directly measured the phenomenon of degradation of spatial coherence resulting from channel-etching. We have shown that this degraded spatial coherence acts to increase the divergence of the beam as it propagates through the channel, which will in turn affect waveguiding in the channel, energy absorption in the sidewalls, the delivered intensity and consequent etch-rate. The effect was illustrated, using a Gaussian Schell-model to connect our measured spatial coherence and measured beam-transmission at the exit-hole of our channels. The measured transmission was found to be in good agreement with that predicted using our model involving waveguiding with reduced spatial coherence.
